To gain insight into the pathogenesis of tuberculosis, a molecular definition of the tubercle bacillus cell envelope, which is involved in the early stages of the infection, is required. The cell-surface-exposed material of the pathogen was isolated by mechanical means and chemically analysed. It was shown by scanning electron microscopy that the method used for extracting the surfacecovering material preserves the integrity of the bacilli. Surprisingly, in view of the current opinion, only small amounts of lipids ( 1 4 % ) were present. Polysaccharides and proteins were the main components of the material. The polysaccharides were neutral and lipid-free D-glucan, D-arabino-D-mannan and D-mannan, which were eluted from gel-filtration columns in positions corresponding to molecular masses of 120,13 and 4 kDa, respectively. Based on NMR spectroscopy and conventional chemical analyses, the major structural motifs of the purified polysaccharides were established as being identical to those of the polysaccharides we previously isolated from the culture filtrate of the tubercle bacillus. lmmunocytochemical studies showed that these compounds were not only surface-located but were also present in the inner capsular compartment. The major protein constituents exhibited the same mobilities on SDS-PAGE as those of the culture filtrate of the tubercle bacillus and readily reacted with the monoclonal antibodies directed against these molecules. These proteins included the 19 and 38 kDa lipoproteins, the 30/31 kDa fibronectin-binding proteins and the 40 kDa L-alanine dehydrogenase. These findings suggest that the culture filtrate material represents part of the capsule which, in an in wivo context, could contribute to the electron transparent zone surrounding the tubercle bacillus. The 24 kDa (MPBTT64) protein was found to be a secreted protein, as it was detected almost exclusively in the culture filtrate. Taken together, the data give a new insight into the surface-exposed compounds of the tubercle bacillus and may explain part of the nature and limitation of the host immunity towards the pathogen.
INTRODUCTION
Mycobacterizlm tttberculosis, the causative agent of tuberculosis, is responsible for more deaths annually than any other single bacterial pathogen (Bloom & Murray, 1992;  Downloaded from www.microbiologyresearch.org by IP: 54.70.40.11
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extraordinarily high lipid contents of the cell walls of members of the genus Mjycobacterium, constituting u p t o 60% of their dry weight (Goren & Brennan, 1979) .
Indeed, the fact that mycobacteria are appreciably more resistant t o deleterious agents, such as acids, alkalis, and germicides, supports this concept. However, to produce disease, other factors are obviously required, as nonpathogenic mycobacterial species also elaborate complex and unusual compounds, structurally related to those found in the pathogenic ones. Among these factors, the capsule which surrounds only pathogenic mycobacteria (Hanks, 1961 ; Draper & Rees, 1970 ) is postulated to be a defence barrier against the phagocytic cells. Furthermore, this capsule also determines what components come into contact with the cells and tissues of the host o r are recognized by the immune system. T h e nature of this capsule has been chemically defined in two species, namely M. lepraemurium (Draper & Rees, 1973) and M . leprae (Boddingius & Dijkman, 1989; Hunter & Brennan, 1983) , where it has been shown t o contain species-specific glycolipids surrounding the pathogens inside their host cells. In the case of M. tuberculosis, although speciesspecific glycolipids have been characterized in some strains (Daffk et al., 1987 (Daffk et al., , 1991a , the nature of its capsule remains unknown, as these lipids were not detected in some of the virulent tubercle bacilli (Daffk e t al., 1987,1991a, b) . To address this fundamental issue, the outermost capsular material of M. tuberculosis was isolated and its major constituents were characterized.
METHODS
Strain and growth conditions. Mfcubacterium tuberculosis H,,Rv (ATCC 27294, CIPT 14401OWO1) was grown on synthetic Sauton's medium (Sauton, 1912 ) (100ml per flask) either as surface pellicles in static cultures or on an orbital shaker at 37 OC.
Production of day-7 culture filtrate. Seven-day short-term culture filtrate of M. tuberculosis was produced essentially as described by P. Andersen et al. (1991) . After day 7, the bacterial cells were removed from the growth medium by filtration (Milliguard Housing system, Millipore) and the culture filtrate was concentrated (~1 0 0 ) on an Amicon YM3 membrane resulting in protein concentrations ranging from 5 to 10 mgml-'.
Isolation and fractionation of the crude outermost capsular material. Cells were harvested by pouring off the medium and gently shaken for 1 min with 10 g glass beads (4 mm diameter) per 2 g wet cells (Buttiaux et al., 1966; Kreis, 1966 ). The resulting material was then suspended in distilled water or light petroleum (boiling point range 35-50 OC)/diethyl ether (1 : 1, v/v) (50 ml per flask) and immediately filtered through a 0.2 pm sterile filter (Nalgene). In order to check that no lipid was adsorbed on the filter, in a control experiment the bacterial suspension was filtered through a no. 11 1 Durieux filter paper.
The material removed by the beads in water was concentrated under vacuum to 1/10 of the original volume. A portion (1/10) of this crude filtrate was extensively dialysed against distilled water and analysed for carbohydrate and protein content by colorimetric assays (Dische, 1962 ; Lowry method). Chloroform and methanol were added to the remaining portion to obtain a partition mixture composed of chloroform/methanol/water (3 : 4 : 3, by vol.). After acid hydrolysis of the different partition layers, arabinose (Ara), mannose (Man) and traces of xylose (Xyl) were identified in the aqueous layer; glucose (Glc) was the only sugar constituent detected in the hydrolysis products of the interphase. The organic layer contained Man and Glc.
The material extracted by light petroleum/diethyl ether was partitioned between chloroform and water (1 : 1, v/v). Acid hydrolysis of the aqueous layer led to the identification of Glc as the main sugar constituent whereas Man and Glc were detected in hydrolysis products of the chloroform extract.
Extraction of the interphase derived from the partition experiment (conducted on the material recovered by beads in water) several times with water resulted in the recovery of an opalescent solution which contained Glc as the only sugar constituent. The Ara/Man-and Glc-rich fractions were concentrated and the polymers were precipitated overnight at 4 "C with 6 vols cold ethanol. The precipitates were collected after centrifugation at 14000g for 1 h, dissolved in distilled water, the polymers precipitated again with ethanol, re-centrifuged and the precipitates dialysed for 3 d against water to eliminate traces of salts, then lyophilized and weighed.
Subcellular fractionation of M. tuberculosis. Cells were harvested by centrifugation (8000g for 30 min) and washed twice in cold PBS (0.145 M NaCl; 0.15 M sodium phosphate). The wet pellet was weighed and resuspended at a ratio of 1 ml (g bacteria)-' (in this case 23 g wet pellet) in a lysis buffer consisting of PBS supplemented with the protease inhibitor PMSF (Boehringer Mannheim) and EDTA to a final concentration of 1 mM. The bacteria were lysed using a French pressure cell (Aminco, American Instrument) contained in a MSC 111 safety cabinet at a pressure of 12000 p.s.i. (82.8 MPa). This procedure was repeated three times. Bacterial cells resisting this treatment were recovered by low speed centrifugation (1OOOg for 30 min). The supernatant was recentrifuged for 20 min at 20000g. The pellet from this centrifugation was assumed to consist mainly of cell walls. The supernatant represented a mixture of cytoplasmic components and cell membranes. RNA was degraded by RNase treatment for 1 h at 4 O C after which the sample was subjected to ultracentrifugation at 1OOOOOg for 3 h at 5 O C in a fixed angle rotor (TH1270, Sorvall, DuPont Medical Products). The pellets (containing the cell membranes) were washed in fresh lysis buffer and recentrifuged.
Purification and chemical characterization of the different polysaccharides. The different polysaccharides were purified as previously described in detail (Lemassu & Daffi, 1994) . Briefly, Ara/Man-containing polysaccharides and Glc-rich polysaccharide were chromatographed on a column of DEAE-Trisacryl gel and the neutral fractions were rechromatographed on columns of Bio-Gel P-10 and Sephadex G-200, respectively. The elution profiles of both types of gel-filtration chromatography were monitored by refractive index detection and the collected fractions were assessed for their carbohydrate content.
Purified polysaccharide samples were acetolysed (Stewart & Ballou, 1968) and methylated according to the method of Ciucanu & Kerek (1984) . Portions of the per-0-methylated products were hydrolysed with 2 M CF,COOH at 110 OC for 2 h, reduced with NaBH, and acetylated. The different partially 0-methylated and partially acetylated alditols were identified by GC-MS.
The dialysed culture filtrates and the various chromatographic fractions were assessed for the presence of proteins (Lowry method) and carbohydrates (Dische, 1962) . The percentage of carbohydrates was also determined by GC using erythritol as internal standard.
The absolute configuration (D or L) of Ara, Man and Glc was determined by GC analysis of the trimethylsilyl derivatives of (R)-( -)-and (S)-( +)-2-butyl glycosides as described (Gerwig et al., 1978) . GC, GC-MS, fast atom bombardment (FAB)-MS and NMR were performed as described previously (Lemassu & Daffi, 1994) .
SDS-PAGE.
Samples (20 pg) of dialysed materials were analysed by PAGE in a 10-20 YO (w/v) gradient of SDS-polyacrylamide under reducing conditions. The gels were stained by a silver staining method (Bio-Rad). Molecular mass markers, obtained from Bio-Rad, were as follows : phosphorylase b (97.4 kDa), BSA (66.2 kDa), ovalbumin (45 kDa), carbonic anhydrase (31 kDa), trypsin inhibitor (21.5 kDa) and lysozyme (14.4 kDa).
Western blot analysis. In Western blot (immunoblot) experiments, the proteins separated by PAGE were transferred onto nitrocellulose sheets (Schleicher & Schuell BA85) in a semi-dry blotting apparatus according to the instructions provided by the manufacturer (Ancos) and reactive sites were blocked with 0.5 % Tween 20 (w/v) in PBS, pH 7.6. The blots were incubated for 2 h at room temperature (or overnight at 4 "C) with monoclonal antibodies (mAbs) directed against specific secreted proteins: HYT 6 and HYT 27 (Andersen e t al., 1986) , HBT 12 and HBT 10 (Ljungqvist etal., 1988) and L24b5 (A. B. Andersen et al., 1991) ; the mAbs were diluted in PBS (pH 7.6) containing 0.37 M NaCl and 0-05 YO (w/v) Tween 20 (culture supernatants were diluted 1 :25, and protein A culture supernatant mAbs were diluted 1 : 500). Bound mAbs were detected by using horseradish-peroxidase-coupled rabbit anti-mouse immunoglobulins (P216; Dakopatts) at a dilution of 1 : 1000. Colour reaction was obtained by using 3,3',5,5'-tetramethylbenzidine.
ELISA. Sonicated cells of M. tuberculosis (0.2 mg) and 5 pg arabinogalactan (AG) (Daffk e t al., 1990) and 10 pg phosphatidylinositol mannosides (PIMs) (Fournik et al., 1991) were dissolved in 1 ml ethanol; 2 pg lipoarabinomannan (LAM) of M. tuberculosis H,,Rv (Venisse e t al., 1993) was dissolved in 1 ml ethanol/water (1 : 1, v/v). Samples (50 pl) of these antigens were applied to the wells of a polystyrene microtitre plate (Nunc Immuno Plate I) and allowed to evaporate at 37 O C overnight. The wells were blocked with 200 p1 30% (w/v) powdered skimmed milk (PSM) with 0.1 % Tween 20 in PBS at 37 "C for 2 h. The plate was rinsed five times with 1 % PSM in PBS and 100 pl per well of mAb L9 (Gaylord e t al., 1987) diluted (1 : 10, v/v) in 0.4 % PSM were deposited and left for 2 h at 37 OC. After five rinses, 100 p1 horseradish-peroxidase-linked anti-mouse antibody (Amersham), diluted according to the supplier's instructions, was added to the wells and left for 2 h at 37 "C. After five washings, 100 p1 p-nitrophenyl phosphate substrate (Sigma) was added, followed by a 30 min incubation at 37 OC. The A,,, was read with a Multiscan apparatus (Flow Laboratories). Each value was measured in triplicate.
Electron microscopy
Transmission electron microscopy. Transmission electron microscopy was performed with a JEOL, JEM 1200 EX operating at 80 kV.
Cells harvested either by pouring off the culture medium or after treatment with glass beads were suspended in PBS and mounted on nickel grids. After six washings with PBS, cells were successively incubated with 0-26 M NH,C1 for 5 min, 5 Yo (w/v) BSA in PBS for 10 min and then with 20 pl diluted L9 mAb (Gaylord etal., 1987) (1 : 100 in 5 % BSA in PBS) for 5 h at room temperature. In control grids incubation with mAb was omitted. Cells were washed six times with 5 % BSA in PBS and incubated with 20 pl diluted (1 :20 in 5 YO BSA in PBS) gold-labelled (10 nm) goat anti-mouse immunoglobulins (Sigma) for 1 h at room temperature. The material was washed six times with PBS, fixed by an overnight incubation with 3 % (v/v) glutaraldehyde and washed three times with PBS.
Cells mounted on grids and washed as described above were incubated with diluted (1 : 5 in cacodylate buffer, pH 7.4) goldlabelled (5 nm) concanavalin A (ConA, Sigma) for 3 h at room temperature. Control cells were incubated with a ConA solution which had been preincubated in the presence of 550 nM a-Dmethylmannoside in order to saturate the lectin-binding sites. After six washings with cacodylate buffer, the materials were fixed with 3 % glutaraldehyde and then washed as above. (1 : 100 in 5 % BSA-PBS).
Cells were negatively stained using phosphotungstic acid.
Scanning electron microscopy. Cells were washed twice in 100 mM HEPES buffer, pH 6.9, and harvested by centrifugation (8000 g, 10 min). The resulting pellet was resuspended in 1 YO (v/v) glutaraldehyde in 100 mM HEPES buffer for 1 h at 4 OC. The cells were washed five times in the same buffer, and then small aliquots were deposited on glass coverslips previously made sticky with a short treatment with 3-aminopropyltriethoxysilane. Cells on coverslips were postfixed for 30 min at room temperature in 1 % (w/v) osmium tetroxide in HEPES, and then rinsed with distilled water. Cells were suspended in 1 % (w/v) aqueous uranyl acetate for 1 h at room temperature and then washed five times in distilled water. Suspended cells were collected on 0.4 pm Nuclepore membranes before dehydration through a graded ethanol series. Dehydrated cells were immersed for 10 min in hexamethyldisilazane and quickly airdried. Coverslips were sputter-coated with 5 nm gold/ palladium and specimens were examined with a JEOL JSM-35 CF scanning electron microscope operating under standard conditions.
RESULTS

Effects of the mechanical treatment on the integrity of cells
Gentle shaking of mycobacteria with 4 mm-diameter glass beads is known to disperse mycobacterial clumps commonly occurring in cultures (Buttiaux e t a/., 1966 ; Kreis, 1966) . However, the use of such a method for isolating the outermost constituents o f the cells requires the control of both the extent of the cellular disruption and the effectiveness o f extraction. Thus, untreated-control and glass-bead-treated cells were examined by scanning electron microscopy ( Fig. 1) Capsular material of the tubercle bacillus large clumps covered by an amorphous material which obliterated individual bacilli (Fig. 1 a) . Treatment of cells with glass beads resulted in the dispersion of these large clumps with a concomitant disappearance of the majority of the covering material (Fig. 1 b) . Bacterial suspension obtained by treatment of cells with glass beads was also negatively stained and examined by electron microscopy (Fig. lc) . Intact rod-shaped bacilli were seen with no paired fibrous structures usually visible on the walls (Draper, 1982) . The cytochemical observations were confirmed by chemical data obtained on the hydrolysis products of the crude filtrate derived from the glass-beadtreated bacterial suspension. Neither galactose nor 6-0-methyl-glucose (which are known to be specific components of mycobacterial cell wall and cytosolic polysaccharides) was detected in the filtrate. It was thus concluded that the mechanical treatment used in the present study did not affect the integrity of the bacilli.
Nature of the outermost cellular material
The unfractionated material extracted from actively growing tubercle bacilli mechanically shaken with glass beads was recovered by water or by organic solvents. The water-recovered material represented 2-3 YO of the dried bacterial mass and was composed of 94-99 % proteins and carbohydrates. Small amounts of lipids (1-6 %) were also detected. The same composition was obtained using different types of filters, suggesting that no selection was made on the basis of the chemical nature of the compounds. Nevertheless, a slightly better recovery was observed using the Durieux filter than the Nalgene one (+ 5-8 YO). The relative ratio of carbohydrates versus proteins varied from 3 : 2 to 3 : 7, depending on the growth phase of the strain. It was also important to check that the mechanical processing used was not a partitioning process between an aqueous medium and the hydrophobic mycoloyl-arabinogalactan of the mycobacterial wall leading to an underestimation of the amounts of noncovalently bound lipids in the aqueous medium. The organic solvent extract of the material removed by the beads in water represents only 1-2 YO of the water extract.
Analysis of the lipid composition of the former material demonstrated that it contained the same compounds as those identified in processing with water, notably dimycocerosate of phthiocerol, in agreement with the results of Koul & Gastambide-Odier (1977) . The presence of this highly hydrophobic molecule in the water phase showed that the extraction method used in the present study was also suitable for detecting the presence of lipid compounds. Therefore, the recovery of the material by water was selected for subsequent experiments.
SDSPAGE and Western blot analysis of proteins
Macromolecules derived from the ethanol precipitation of the outermost cell constituents were analysed by SDS-PAGE and compared to those isolated from the cytosol and from the early (7 d) culture filtrate proteins. The silver-stained gels (Fig. 2) showed several protein bands common to the material derived from the culture filtrate and that obtained from the mechanical treatment of cells. However, some differences existed between the two materials. For instance, only minute amounts of the prominent 24 kDa culture filtrate protein were detected in the surface-exposed material ; likewise, only tiny amounts of two surface-exposed proteins (38 and 58 kDa) were found in the culture filtrate material.
To further characterize some of the surface-exposed proteins, Western blot analyses were performed on these latter proteins using mAbs directed against selected culture filtrate proteins (Fig. 3a-e) . HYT 6 and HYT 12 mAbs, which recognize epitopes of the mycobacterial lipoproteins 19 and 38 kDa, respectively, reacted with protein bands exhibiting the corresponding molecular masses (Fig. 3a, b) . Similarly, H Y T 27, a mAb specifically reacting with the 30/31 kDa fibronectin-binding proteins, gave strong reactions with pairs of the culture filtrate and surface-exposed proteins (Fig. 3c) . L24b5 mAb strongly reacted with the 24 kDa (MPB/T 64) protein of the culture filtrate material while giving a faint reaction with the corresponding protein from the surface-exposed material (Fig. 3d ), in accordance with the silver-stained gel (Fig. 2) . Finally, the presence of the 40 kDa L-alanine dehydrogenase in both the culture filtrate and the surfaceexposed material was demonstrated using HBT 10 mAb (Fig. 3e) . Although most of the enzyme is cytoplasmic, the occurrence of this protein in the early culture filtrate has been already demonstrated (Andersen e t al., 1992) . Interestingly, HBT 10 mAb also recognized a 38 kDa cellsurface-located protein which was not detectable in either the cytosol or the culture filtrate. This latter protein is probably different from the mycobacterial 38 kDa lipoprotein recognized by the HBT 12 mAb (see Fig. 3b ). The relationship between the 40 and 38 kDa proteins remains to be elucidated.
Purification and characterization of the major polysaccharides
Glc was the main sugar constituent (70%) detected after acid hydrolysis of the polymers derived from the ethanol precipitation, which also contained 15 YO of Ara and 13 % of Man. Small amounts (2%) of Xyl were also found in the hydrolysis products of the surface-exposed glycoconjugates. When a chloroform/methanol/water partition was applied to the material, the aqueous phase contained Ara, Man and Xyl, whereas Glc was the only constituent detected in the interphase. As Xyl was a minor component of the mixture, the subsequent experiments were focused on the isolation, purification and structural elucidation of the Glc-, Ara-and Man-containing compounds. Thus, the glucan was recovered as an opalescent ' glycogen-like ' solution by extracting the interphase several times with water. The glucan was unretained on an anion-exchange column and was eluted at a position corresponding to an apparent molecular mass of 120 kDa after gel-filtration chromatography over a Sephadex G-200 column (Lemassu & Daffk, 1994) . Analysis of the partially 0-methylated alditol acetate derivatives revealed that 70 YO of the glucosyl residues were 4-linked-Glcp (or 5-linkedGlcf); 4,6-Glcp (or 5,b-Glcf) and terminal Glcp (15 % of each) were also detected. T o determine the anomeric configuration and the ring form of the glucosyl residues, the glucan was subjected to 'H-and 13C-NMR analyses.
The 'H-NMR spectrum (Fig. 4a) showed two anomeric signals which were assigned to the resonances of H-1s of the 4-linked-a-~-Glcp at 5-4 p.p.m. and to those of H-1s of the branched a-Glcp residues (Zang e t al., 1991) at 5.0 p,p.m. The remaining upfield signals were attributed to the proton resonances of H-2-H-6s. The 13C-NMR spectrum (Fig. 4b) showed the anomeric resonance signal at 101 p.p.m., which can only have resulted from the resonances of C-1s of a-Glcp, those of P-Glcp and of aand P-Glcfbeing expected at lower field (104-1 10 78 p.p.m was assigned to the resonance of C-4s of 4-linked-a-Glcp (Bradbury & Jenkins, 1984; Zang e t al., 1991) . The unsubstituted C-2s, C-3s and C-5s had their resonances between 70 and 73 p.p.m. while the resonance of unsubstituted C-6s was seen at 62 p.p.m. (Bradbury & Jenkins, 1984; Zang etal., 1991) . No signal attributable to the presence of a lipid substituent (methyl and methylene proton resonances) was observed in the NMR spectra. Thus, the poor solubility of the glucan in water is due to 'its intrinsic structural features, rather than to a modest degree of lipoylation.
Acetolysis applied to the glucan resulted in the identification of mono-and diglucosides by both TLC and MS. In the mass spectrum (Fig. 5) , the pseudomolecular ion (M+Na)+ peaks were seen at m/a 413 and 701. They correspond to peracetylated mono-and diglucosides. Fragments were observed at m/a331 and 619 and corresponded to the glucosyl and diglucosyl oxonium ions, respectively. These results support a structure identical to that of the exocellular glucan of M. tzlbercdosis (Lemassu & Daffk, 1994) , based on a linear 4-linked-a-~-Glcp substituted by a mono-or a diglucosyl residue at some 6 positions.
The Ara/Man-containing substances were mainly (90 %) neutral polysaccharides as they were unretained on the anion-exchange column and did not migrate on SDS-PAGE. Chromatography of these compounds over a BioGel P-10 column led to the isolation of an arabinomannan (molecular mass 13 kDa) and a mannan (molecular mass 4 kDa). The former polysaccharide was composed of terminal Araf (0.6 %), 2-linked-Araf (6.2 %), 5-linkedAraf (35.5 YO), 3,5-linked-Araf or 3,4-linked-Arap (1 0.2 %), terminal Manp (1 9.7 %), 2-linked-Man. (14.5 %), 6-linked-Manp (4.7 %) and 2,6-linked-Manp (9.4 %). The small amounts of terminal Araf compared with the percentage of branched Ara (3,5-Araf or 3,4-Arap) as well as the excess of terminal Manp (as compared with the amount of 2,6-Manp) indicated the substitution of the non-reducing ends of the arabinan segment by either terminal Manp or oligomannosyl residues (Chatterjee et al., 1992; Lemassu & Daffk, 1994; Venisse et al., 1993) . The 13C-NMR spectrum (data not shown) of the arabinomannan was superimposable on that isolated from the culture filtrate of M. ttlbercdosis (Lemassu & Daffk, 1994) , establishing that all the Ara residues occur in the furanose form. The absence of methylene and methyl proton and carbon signals in both 'H-and 13C-NMR spectra of the arabinomannan (data not shown) demonstrated that the polysaccharide is devoid of acyl substituents. Acetolysis of the Man-containing polysaccharides demonstrated that both the mannan segment of the arabinomannan and the mannan consisted of a +6)-aManp-(l+ backbone substituted with a monomannosyl residue at some 2 positions as previously demonstrated for Man-containing exopolysaccharides of M. ttlberculosis.
Cyto-and immunocytochemistry
To confirm the location of these polysaccharides at the outermost compartment of the bacilli, cytochemical and immunocytochemical studies were done on control and treated cells using gold-labelled ConA (which binds Glcand Man-containing glycoconjugates) and L9 (Gaylord e t al., 1987) , a specific mAb directed against the arabinomannan segments of LAM. The reactivity of L9 was tested against AG and PIMs, using a Man-capped LAM of M. ttlberctllosis H3,Rv (Venisse e t al., 1993) as a control. As shown in Fig. 6 , AG, but not PIM, reacted with L9 demonstrating that it recognized common epitope(s) of the arabinan segments of the polysaccharides. This result confirmed a previous observation stating that some mAbs directed against LAM also reacted with AG (Daffk e t al., 1990). As shown in Fig. 7 , gold-labelled ConA strongly reacted with the surface of bacilli (Fig. 7b) . When the binding sites of ConA were saturated with methyl-a-mannoside prior to the cytochemical reaction of the lectin with cells, no labelling was observed (Fig. 7a) , establishing the specificity of the reaction. Gold-labelled L9 also reacted with the cell surface (Fig. 8a) , suggesting that the mAb probably recognizes an internal arabinan motif, as the major surface-exposed Ara-containing glycan is extensively capped by mannosyl residues (see earlier). Mechanically treated cells also reacted with both gold-labelled ConA and L9 (data not shown), demonstrating that the treatment of the bacilli with glass beads did not extract all of the polysaccharides from the cell surface. These data suggested that either the mechanical treatment was incomplete or that the reacting polysaccharides were also present in the inner compartment of the capsule. To test the latter hypothesis, gold-labelled L9 was used on cryofixed sections of treated cells. As shown in Fig. 8b , significant labelling was observed not only on the cell surface, but also in the inner compartment of the capsule, demonstrating the presence of arabinan-containing polysaccharides in the cell envelope. These include the arabinomannan characterized herein and the covalently attached cell wall AG. As expected, heavy labelling in the bacterial cytoplasm was also observed, indicating the occurrence of active biosynthesis of these polysaccharides.
DISCUSSION
In order to gain insight into the pathogenesis of tuberculosis, we investigated the chemical nature of the outermost constituents of the tubercle bacillus. These compounds were isolated by a gentle shaking of cells with glass beads, a commonly used method for dispersing mycobacterial clumps (Buttiaux e t al., 1966; Kreis, 1966 ). This mechanical treatment was shown by both transmission and scanning electron microscopy and by chemical analyses to preserve the integrity of the bacilli. We showed that treatment of cells by glass beads extracted a material covering the bacilli and probably responsible for their aggregation. Careful chemical analyses demonstrated the absence of covalently linked cell wall and cytosolic components in the extracted material. This material consists mainly (roughly 97%) of proteins and polysaccharides. A 120 kDa glycogen-type glucan, a 13 kDa arabinomannan and a 4 kDa mannan were the major surface-exposed capsular polysaccharides identified. Tiny amounts of a xylan, not previously described in the literature, were also present. The structural features of the major polysaccharides were found to be identical to those isolated from the culture filtrate (Lemassu & Daffi, 1994) . That the polysaccharides characterized herein are not generated due to physical shearing of originally covalently linked polymers merits consideration. Although arabinomannan and mannan are structurally and presumably biosynthetically related to LAM and lipomannan (LM), the former polysaccharides were found as non-lipidated exocellular constituents of the tubercle bacillus (Lemassu & Daffk, 1994) . Similarly, while the glucan exhibited an apparent molecular mass of 120 kDa, cytosolic mycobacterial glycogen has been found with a mean molecular mass 1000-fold greater than that determined for the glucan (Antoine & Tepper, 1969) . Furthermore, the length of the branched segments differs in the two polysaccharides : one glucosyl residue substitutes some six positions of the glucan core whereas seven to nine glucosyl units (a-1 +4 linked) are present in the branched segments of the glycogen isolated from M. tzlbercdosis (Antoine & Tepper, 1969) . In addition, the expected heterogeneity in the size distribution of the glucan if this polysaccharide was derived from the shearing of glycogen was not observed. (Picard e t al., 1984) .
The presence of the arabinomannan at the cell surface may explain some immunological reactions in response to the tubercle bacillus or its products. These include the suppression of macrophage-dependent, antigen-induced activation of human lymphocytes (Ellner & Daniel, 1979) and the inhibition of the processing of the antigen by antigen-presenting T-cells (Moreno et a/. , 1988) . Mention should be made of the potential role of the surfaceexposed arabinomannan in the host-tubercle bacillus interactions. It has been shown that macrophage phagocytosis of virulent tubercle bacilli is mediated by Man receptors (Schlesinger, 1993) . Although coating polystyrene microspheres with Man-capped LAM, but not with LM, has been shown to enhance adherence of microspheres to human-monocyte-derived macrophages (Schlesinger e t al., 1994) , the bacterial surface-exposed Man-containing glycans have not yet been identified. By showing in the present study that Man-capped arabinomannan is the major surface-exposed Man-containing polysaccharide of a virulent tubercle bacillus, the mannosyl residues of this glycan are the obvious candidates for being the counterparts of the Man receptors.
Several surface-exposed capsular proteins were also detected by SDS-PAGE of the polymers derived from the mechanical treatment of the cells. The general profile of these proteins is similar to that of the culture filtrate proteins. Some of the former material was identified by Western blot, using available mAbs directed against selected proteins of the tubercle bacillus. By this method, the 19 and 38 kDa lipoproteins, as well as the fibronectinbinding proteins (30/31 kDa), were located at the cell surface, in agreement with published data (Abou-Zeid e t al., Espitia et al., 1992; Rambukkana et al., 1991) . It has to be noted that only one fibronectin-binding protein band was detected in the cytosol fraction. Its molecular mass (31 kDa) and immunoreaction with H Y T 27 mAb suggest that it corresponds to antigen 85 C (MPT 45; see Wiker & Harboe, 1992) . The occurrence at the cell surface of the 40 kDa L-alanine dehydrogenase (Andersen et al., 1992) was revealed by immunoblot using HBT 10 mAb. However, this latter enzyme was mainly found in the cytosolic fraction. Mention should also be made of the detection of a previously undescribed 38 kDa protein reacting with HBT 10 mAb at the cell surface where this protein seems to be confined. Further studies are needed in order to define the relationship between this protein and the L-alanine dehydrogenase. It has to be noted, however, that, in contrast to the other proteins mentioned above, the MBP/T 64 protein (24 kDa) was found almost exclusively in the culture filtrate, as seen on SDS-PAGE. These data suggest that among the proteins of the culture filtrate, some are truly secreted in the environment of the cells.
The material extracted by the mechanical treatment contained only small amounts of lipids, suggesting that most of the free (non-covalently linked) lipids are not surface-exposed in the tubercle bacillus. This finding is surprising in that the characteristic mould-like growth pattern of tubercle bacilli in stationary liquid culture is currently attributed to their high lipid content (Goren & Brennan, 1979) . Therefore, the molecular basis of tubercle bacilli aggregation has to be reinvestigated.
The occurrence of the same polysaccharides and most of the proteins previously described in the culture filtrate at the cell surface raises the question of the origin of this material. It is important to recall in this connection that the outermost constituents of the bacilli have the tendency to disperse into the surrounding liquid medium in which the organism is growing, especially when shaking is used during the growth, rather than accumulate around the bacteria. In support of that fact is our unpublished observation that traces of surface-exposed xylan and lipids may be found in the culture filtrate of tubercle bacilli. Thus, it is tempting to postulate that the exocellular polysaccharides and proteins derive from the capsule of the tubercle bacillus. In an in vivo environment such as macrophage, the large amounts of the in vitro exocellular polymers (up to 20 % of the dried bacterial mass; Lemassu & Daffk, 1994) Nevertheless, the occurrence of large amounts of glucan, arabinomannan and mannan at the surface of H,,Rv constantly maintained through passages on mice (our unpublished results) suggests that the elaboration of these polysaccharides occurs in infected cells.
